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Introduction: On September 26, 2022, NASA's
Double Asteroid Redirection Test (DART) mission
successfully impacted the small moon of asteroid
Didymos [1]. The primary goal of the mission was to
test the feasibility of using a kinetic impactor to change
the orbit of an asteroid in space. The impact was highly
effective, resulting in a change in Dimorphos' orbit
around Didymos by ~33 minutes [2]. Large amounts of
ejecta were observed from ground- and space-based
telescopes [2, 3], and from the LICIACube spacecraft
[4], which was deployed from DART before its impact.

The deflection efficiency of an asteroid can be
quantified in terms of a parameter called β, which is
the ratio of the momentum of the impactor to the recoil
momentum of the target. The impact outcome strongly
depends on the surface, subsurface and internal
properties [5]. In order to better understand the target
properties and structure of Dimorphos, we used
empirical scaling relationships based on laboratory
experiments [6] and previous numerical simulations
[7] as well as new numerical simulations using the
Bern SPH shock physics code [8] to model the impact
outcome and compare it with observations.

Semi-analytical approximation: The momentum
deflection efficiency is non-unique, which means that
for a given impact a large number of target material
properties and structures can result in the same β
value. For computational expediency we use an
iterative process where we compare observations with
analytical approximations of the impact outcome,
which then inform the parameter space used for the
high-fidelity numerical simulations (Fig. 1).

Our semi-analytical model is based upon the
point-source impact scaling relationships of [6] as

applied by [7] and [9] to the DART impact. The
outcome of a vertical impact on a planetary surface,
such as the size of the crater and the speed and mass of
ejecta, can be predicted analytically if the impactor and
target properties are known. For DART, we know the
impact conditions [1]. These scaling relationships
assume that the impact can be approximated as a point
source of energy and momentum, which are released in
a small region, usually at some depth in the target.
However, these assumptions do not hold for large
crater-to-target diameter ratios [10] or for oblique
impacts [11]. Moreover, the presented scaling
relationships do not account for heterogeneities or
boulder fragmentation, which is unfortunate as
Dimorphos’s surface is littered with boulders.
However, recent studies (e.g., [12]) showed that for
DART-like impact scenarios and for targets with a low
boulder packing density, the ejecta mass-velocity
distribution for an impact into a rubble-pile is well
approximated by the mass-velocity distribution for the
same impact into a homogeneous target with the same
bulk material properties. However, this approximation
assumes that a negligible proportion of the projectile
kinetic energy is lost in fragmenting boulders. If
boulder fragmentation is an important energy
dissipation mechanism, the presented results will
overestimate . Fig. 2 shows the semi-analytical
approximation of β using point-source crater scaling
[6] with scaling constants derived from numerical
simulations [7] (also consistent with laboratory
experiments), for homogeneous targets with various
angles of internal frictions and various bulk densities,
at Y = 0 Pa and 100 Pa. The dependence of the

Figure 1: Information about the impact conditions and target shape [1], of the ejecta within ~200 seconds (from
LICIACube [4]) and the ejecta as observed from Earth and space based telescopes (e.g., [3]) are used to constrain
the parameters used for the analytical approximations of β, which are then compared to measured β values [9].
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observed β from the DART impact on bulk density,
derived from dynamical simulations [13], is shown by
the continuous black line (1𝜎 is shown by the dotted
lines). Since this analytical approximation likely
overestimates β, all viable material parameters (e.g.,
bulk density, angle of internal friction and cohesion)
combinations need to result in a β value that lies in the
non-shaded region. For example, for an angle of
internal friction of ~ 30 or fewer degrees, which is a
good estimate for the internal friction of asteroid
surfaces [14], the target needs to have a cohesion less
than 100 Pa to produce the required β.

Numerical simulations: We use Bern SPH impact
code [8] to model spherical DART-like impacts into
rubble-pile targets with various boulder packings (20
to 50 vol%). We simulate the impact outcome for up to
2 hours after the impact. Boulders and other particles
smaller than ~1 m are modeled as a homogeneous
matrix. We also vary the matrix cohesion (0 to 100 Pa),
matrix coefficient of internal friction (0.4 to 0.7) and
matrix porosities (35 to 65%). For all simulations, we
kept the grain density of both the boulders and the
matrix at 3500 kg/m3, while the microporosity of the
boulders was ~10% [15].

We find that due to the target geometry and impact
angle, the analytical approximation overestimates β by
up to 30% compared with our 3D simulation results.
Our simulation results indicate that in order to match
the observed momentum deflection and the ejecta
morphology [3, 4, 13], the target cohesion needs to be
lower than a few tens of Pa, even for low angles of
friction. If the DART impact occurred in this
low-gravity, low-strength regime, then the outcome of
the impact would be global deformation of the
asteroid, rather than a recognisable crater (Fig. 3).

These findings provide valuable insights into the
nature of Dimorphos and the mechanics of asteroid
impacts. In 2026 ESA’s HERA mission will arrive at
Dimorphos and will perform a detailed characterisation
of the asteroid and of the DART impact outcome,
which will allow us to validate our models.
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Figure 2: Semi-analytical approximation of β using
point-source crater scaling [6] and scaling constants
derived from numerical simulations [7] for targets with
various angles of internal frictions and various bulk
densities, at Y = 0 Pa and 100 Pa. The continuous
black line shows the β dependence on bulk density,
derived from dynamical simulations [13] (1𝜎 is shown
by the dotted lines).
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Figure 3: Bern SPH simulation of the DART impact into a Dimorphos-like cohesionless rubble-pile, with an angle of
internal friction of ~35 degrees. The impact causes the deformation and resurfacing of the asteroid. The impact
results in β ~ 3.6, which is consistent with the observed deflection for the assumed target density (Fig. 2).
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